To fully understand the biological and environmental impacts of nanomaterials requires studies which address both sub-lethal endpoints and multigenerational effects. Here we use a nematode to examine these issues as they relate to exposure to two different types of quantum dots, core (CdSe) and core-shell (CdSe/ZnS), and to compare the effect to those observed after cadmium salt exposures. The strong fluorescence of the core-shell QDs allowed for the direct visualization of the materials in the digestive track within a few hours of exposure. Multiple endpoints, including both developmental and locomotive, were examined at QD exposures of low (10 mg/L Cd), medium (50 mg/L Cd), and high concentrations (100 mg/L Cd). While the core-shell QDs showed no effect on fitness (lifespan, fertility, growth, and three parameters of motility behavior), the core QDs caused acute effects similar to those found for cadmium salts suggesting that biological effects may be attributed to cadmium leaching from the more soluble QDs. Over multiple generations, we commonly found that for lower life-cycle exposures to core QDs the parents response was generally a poor predictor of the effects on progeny. At the highest concentrations, however, biological effects found for the first generation were commonly similar in magnitude to those found in future generations.
Introduction
The study of the biological effects of engineered nanoparticles is limited by the challenges associated with rapidly collecting comprehensive toxicological data. While in vitro studies are fast and well suited for evaluating NP libraries, they are limited in capturing more subtle organism impacts particularly over multiple generations. 1, 2 More informative in vivo experiments can more accurately capture biological impact, but most animal models require too much time for facile evaluation of tens or hundreds of relevant nanoparticles. The low throughput of animal studies is a severe problem for multi-generational studies where data on multiple biological endpoints (e.g. fertility, development, locomotion) is desired. Such information is precisely the most valuable for ecotoxicological studies where degenerative or adaptive behaviors in progeny may be the most critical impacts.
To address these issues, we present here studies of the nematode Caenorhabditis elegans.
Quantitative methodologies are applied to assess multiple endpoints relevant to their fitness after long-term exposures to NPs at three different environmentally-relevant and sub-lethal concentrations. Specifically, automated image analysis is applied to measure the body size and locomotive behavior of C. elegans, which moves in a sinusoidal pattern. Changes in the wavelength, amplitude, and velocity of their movements can indicate adverse neurological effects. 3 These studies can be continued over multiple generations due to the short lifespan and large brood size per worm. To study toxicity at all life stages, two generations of exposure are often required because the early embryonic stage of an animal starts when inside the parent. 4 Multigenerational studies can reveal cumulative damage, acclimation or adaptive responses. [5] [6] [7] Cumulative damage in progeny is evident when the parent has no change in fitness but the progeny fitness gets progressively worse. Acclimation occurs when progeny, having been exposed to sublethal concentrations during embryogenesis, has no change in its fitness. 5, [7] [8] [9] [10] [11] C. elegans has been the subject of a number of toxicology studies focused on the acute effects of NPs such as silver, silica, ceria, titania, and zinc oxide. [12] [13] [14] [15] However, none of this prior work has addressed the multi-generational impacts of engineered nanoparticle exposures. Here we explore the quantitative impact of both core and core-shell quantum dots over the span of four generations of C. elegans.
For the purposes of illustrating this multigenerational model, we used a standard NP type, quantum dots (QDs), both because they can be imaged within organisms and because of their use in emerging nanomaterial commercial products (QD Vision, Watertown, MA, USA). QD toxicity has been studied in vivo; the materials can be toxic when their largely organic surface coatings are compromised. [16] [17] [18] Most have attributed this toxicity to the release of soluble cadmium from the CdSe core. 19, 20 QDs with an outer ZnS shell, referred to as core-shell QDs, are generally more chemically stable and preferred in products due to their longer lifetime and brighter fluorescence. 21 The few in vivo toxicity studies of these core-shell systems have found low or no toxicity in rats. 22, 23 In Daphnia and fish, researchers also observed low toxicity unless surface coatings were degraded. 19, 24 None of these in vivo studies have yet addressed multigenerational effects. We report for the first time a multigenerational study of the sub-lethal biological effects of both core and core-shell QDs in a nematode. Core QDs had impacts similar but less pronounced than cadmium salts, while the core-shell QDs had little impact on a multitude of endpoints over multiple generations.
Experimental

QD Preparation and Characterization
The CdSe core and the CdSe/ZnS core-shell quantum dots (QDs) used in this study were prepared following procedures described in our previous work. 21 To ensure their stability in biologically relevant conditions, the amphiphilic copolymer poly(maleic anhydride-alt-1-octadecene, Sigma) (PMAO) (Mn = 30,000-50,000) -PEG (Mn = 1000, Sigma) (molar ratio PMAO:PEG=1:10) was formed through an anhydride coupling reaction to coat and to watersolubilize the QDs from organic solutions. 25 Before beginning these toxicity studies, we carefully evaluated the physicochemical properties of these systems. Transmission electron microscopy (Joel 2010 TEM) revealed monodisperse core QDs with 3.4 nm core diameter and core-shell QDs with 4.1 nm core diameter ( Figure S1 ). Dynamic light scattering (Malvern Zetasizer Nano-ZS) showed that both core and core-shell QDs had a hydrodynamic diameter of approximately 17 nm ( Figure  S1 ); the polymer coating contributes substantially to the size of the particles in water. 21, 25 The cadmium concentration was determined by inductively coupled plasma-optical emission spectroscopy (Perkin Elmer, ELAN9000 ICP-OES). Concentrations were reported as milligrams of the cadmium ion in the solution. Three sub-lethal concentrations of [Cd] = 10, 50, and 100 mg/L were tested for each QD sample.
C. elegans Maintenance
The wild type N2 strain was obtained from the Caenorhabditis Genetics Center (MN, USA). C. elegans were cultured at 20 °C on nematode growth medium agar, using Escherichia coli strain OP50 as the food source following standard cultivation protocols. 26, 27 To obtain a synchronized population, gravid nematodes were collected and treated with hypochlorite. 26 
Assessment of E. coli Viability
To study the effects on food source, QD or chemical exposure plates were prepared as described above except that no C. elegans were placed on the plates. The plates were incubated at 20 °C for 24 h. After the inoculation time, 1 mL of sterile H 2 O was used to rinse and collect the bacteria from the surface of each well to prepare serial dilutions. 20 μL of each dilution was spread onto a 6 cm LB plate and incubated overnight at 37 °C. The number of colonies was counted to evaluate the concentration of live bacteria in the original solution.
Quantum Dot and Chemical Control Exposure
Experiments were carried out on 24-well plates with 1 mL of NGM-agar added into each well. The wells were seeded with 10 μL of fresh overnight-culture of E. coli OP50 and kept for 3 days at room temperature to form a bacterial lawn. To the surface of each well, 30 μL of the QD in borate buffer solution (50 mM, pH=10) or chemical controls was added to cover the bacterial lawn. After about 30 min at 20 °C, one C. elegans was placed into each well. The plates were cultivated in a 20 °C incubator. C. elegans were transferred to freshly dosed plates every 24 h. Since the QDs were suspended in borate buffer, this solution was used as untreated and negative controls for multiple generations to examine variations for each endpoint measured (Table S1 ).
The acute toxicity of QDs and CdSO 4 on parent worms was done before performing multigenerational testing. From these data, sub-lethal concentrations for the main study were set at three sub-lethal concentrations equivalent to that found in the QD samples ([Cd] = 10, 50, 100 mg/L). All reagents were of analytical grade and supplied by Aldrich.
Multigenerational Toxicity
In the multi-generation experiment, first-generation C. elegans were continuously exposed to QDs or chemicals at the fourth larval (L4) stage. L4 is the larval stage when germs cells start to divide and develop. In subsequent generations, C. elegans L4s were randomly selected from the first-day progeny of the previous generation and continuously exposed to QDs or chemicals throughout their life span.
Bioimaging and Microscopy
To visualize red fluorescence from internalized NPs, the exposure concentration for core and core-shell QDs used was [Cd] = 300 mg/L. After the inoculation time, C. elegans were immobilized with 10% sodium azide (NaN 3 , Sigma) and mounted on slides following standard procedures. 28 The nematodes were imaged using a compound microscope (Axio Imager M2m, Carl Zeiss) with Nomarski objectives. Core-shell QD fluorescence was detected using a Texas Red filter (Carl Zeiss). Fluorescence and Nomarski images were acquired using a CCD camera (AxioCam, Carl Zeiss). All images were acquired and processed using the AxioVision (Rel.4.8, Carl Zeiss) software. Core QDs could not be directly imaged inside the C. elegans due to their low quantum yields (data not shown).
Quantification of Internalized Cd
To determine the uptake rate, the exposure concentration for core and core-shell QDs used was [Cd] = 300 mg/L. The metal content of exposed adults was measured using an inductively coupled plasma-optical emission spectroscopy instrument (Perkin Elmer, ELAN9000 ICP-OES) and reported as milligrams of the cadmium ion in the solution.
One-hundred nematodes were picked and transferred to clean NGM-plates to remove the bacteria. The nematodes were rinsed off with water and transferred into pre-weighed glass tubes to digest in a block heater at 90 °C for 4 h after addition of 1 mL of 70% HNO 3 . After digestion the samples were filtered and transferred to polypropylene tubes and diluted with ultrapure water to achieve a final acid concentration of 1% by volume.
Measurement of Life Span and Fertility
Life span was measured as the number of days that a nematode was alive: from egg to time of death. Fertility was measured as the total progeny number (brood size) of each nematode.
Measurement of Body Length and Locomotive Behavior
If cadmium leaches from QDs it may have neurotoxic effects. 29 For this reason we analyzed the body length and locomotive behavior of adult nematodes using an automated Worm Tracker to measure sinusoidal movement and velocity. 30 The hardware of the system consisted of a dissecting microscope (Unitron) equipped with a motorized stage (Prior) and a Firewire camera (Unibrain Fire-i). The same computer controlled the motorized stage and the camera. The entire setup was placed at a constant temperature of 20 °C. To start the measurement, a first-day adult nematode was transferred to the middle of a 10 cm NGM plate that was spread with fresh OP50. The software suite tracked the C. elegans and recorded a video of the nematode movement for 4 minutes. This video was then analyzed for body length and several motility parameters: amplitude, wavelength and velocity.
Analysis of Variance and Statistics
All samples were analyzed using OrginPro 8.5.1 (OriginLab Corporation, USA). Data was compared against the buffer control by one-way ANOVA post-hoc Tukey test at 99% confidence interval.
Results & Discussion
Toxicity studies in C. elegans are directly relevant to the assessment of the environmental impact of NPs because nematodes are one of the most abundant animals in the soil. Also, NPs are often engineered for good dispersion in water as this is important for many of their applications; such modifications also have the consequence of increasing NP accessibility to terrestrial ecosystems, land disposals or wastewater treatment plants containing NPs. [31] [32] [33] In such an exposure scenario, nematodes are likely to be among the first organisms to encounter nanomaterial waste.
Uptake of Quantum Dots and Reference Toxicant
For these studies, we designed polymer-coated QDs to be monodisperse and nonaggregating under aqueous conditions. But before any QD toxicity could be interpreted, it was necessary to evaluate the impact of these NPs on the bacteria which are the food source for this organism.
E. coli growth showed no change after exposure to core QD, core-shell QD, or the cadmium salt controls after 24 h (Table 1) . QD materials can be anti-microbial which can lead to starvation and developmental defects in nematodes. 17, 34 However, these particular QDs and respective control solutions pose no threat to the food source allowing a straightforward interpretation of the biological impact of the QDs on C. elegans. Because the QD materials were added to the surface of an agar plate supporting the worms, we anticipated that the main route of exposure would be through the digestive tract.
We confirmed this exposure route by using fluorescent microscopy. The transparent body of C. elegans and the red fluorescence from core-shell QDs enabled us to directly visualize them in a live, intact animal. Over the timescale of these experiments we only found red fluorescence in the digestive tissue of the nematodes (Figure 1) . Moreover, the emission remained bright and consistently red over the duration of the study which indicates the coreshell QD do not appreciably change while ingested ( Figure 1D ). 20 This is in agreement with other studies of QDs in aquatic organisms such as crustaceans and Daphnia magna. 24, 35 To complement the imaging observations which are semi-quantitative and applicable only to core-shell QDs, we also quantitatively assessed the total cadmium body-burden by ICP-OES. After 72 hours of continual exposure, we found an average of 67.5 ng Cd/worm [118.6 ng/mg worm] for core QDs and 38.5 ng Cd/worm [67.7 ng/mg worm] for core-shell QDs ( Figure 1B, C) . The higher body burden for the core QD reflects that this material is more soluble and likely to leach cadmium into the organism in a molecular form. 20 Also, we note that these body burdens are similar to studies of PEG conjugate PMAO QDs in organisms such as D. magna, where Lewinski, et al. found that the average uptake was 41 ng Cd/ daphnia. 24 More comprehensive biokinetics studies that address the time dependence of the uptake, the role of depuration, and the compartmentalization of cadmium in the gut as opposed to whole body, are underway.
Range-Finding Toxicity Response
The sub-lethal effects of the core QD on these organisms are similar to the effects of CdSO 4 , but generally occur at net higher doses of QD. Figure 2 shows that after 72 h of exposure to core QDs (300 mg/L Cd), adult nematodes have a significantly decreased (p < 0.01) lifespan. Similarly, CdSO 4 , the acute reference toxicant, caused a similar effect on lifespan albeit at even lower concentrations (Figure 2A, black) . When exposed to core QDs (20 mg/ L), brood size decreased (p < 0.01) by 25.8% ( Figure 2B, red) , with a dose-response relationship similar to CdSO 4 . In stark contrast, core-shell QD exposures at concentrations up to 100 ppm had no impact on lifespan or brood size.
One mode of toxicity suggested for quantum dots is the release of soluble cadmium from the CdSe core into solution; even small amounts of leached cadmium could have significant effects as this trace metal is acutely toxic. 19 We find in this data a similar pattern of biological response in multiple endpoints to both the positive cadmium salt control and the core QDs. The primary difference is that the core QD caused these impacts at higher doses than the cadmium salt. These observations suggest that not all cadmium in the core QD is biologically available in contrast to the cadmium derived from soluble salts.
The lack of toxicity of core-shell QDs as compared to core QDs can be attributed to the zinc-containing shell of the core-shell QD. As zinc is incorporated into cadmium sulfide, the overall solubility of both metals decreases. 20, 36 These data are consistent with other in vivo studies showing that QDs have low or no toxicity if their surfaces are appropriately designed to stabilize the nanoparticle and prevent dissolution. 17, 25 From these dose-response data, it was possible to select sub-lethal exposures for the multigenerational study; these correspond to cadmium concentrations of 10, 50, and 100 mg Cd/L for the positive control, core QD and core-shell QD. Figure 3 shows multigenerational toxicity data for several biological endpoints after QD exposures. These data illustrate that at higher toxicant exposures, the biological response of the first generation is commonly mirrored in subsequent generations. For example, multigenerational exposure to the positive control, CdSO 4 , showed significant adverse toxicity in fertility (brood size) and length at high concentration [Cd] =100 mg/L (Figure 3 ). This significant change in population and growth may be due to the bioaccumulation of the trace metal toxicant. Similar to the impact of cadmium salts, exposure to low (10 mg/L), medium (50 mg/L) and high (100 mg/L) concentrations of core QDs had the most notable impact on fertility. For fertility, a normal progeny count for unaffected adult worms is 300 offspring, but with a chronic exposure to core QDs at high concentrations [Cd] = 100 mg/L, brood size decreased significantly (p < 0.01) by 20% or more in population for all generations (Figure 3 ).
Multigenerational Toxicity Response
This agrees with previous reports of a 20% inhibition in fertility (brood size) of C. elegans in highly metal-contaminated soils. 37 Even the core QDs caused consistent impact on fertility at the highest exposures (100 mg/L Cd). Also, growth abnormality is a common indicator of developmental and metabolic defects. 34 Höss et al. (2009) investigated the growth of C. elegans in sediments polluted with trace metals and showed a similar magnitude of effect on such parameters as length and fertility. 37 Qualitatively, of the three samples studied CdSO 4 caused the most significant changes to fertility, growth and to locomotive behaviors. In contrast, the multi-generational data for the core-shell QDs showed no evidence of any biological impact both in the first generation or subsequent generations.
While at the higher exposures, the first generation response predicted the response in subsequent generations, at the lower exposures for the core and core-shell QD first generation effects did not reflect the changes in subsequent generations. 8 In particular, it was commonly observed that when the first generation had a significant response (p < 0.01) to cadmium salt, core QDs, or core-shell QDs, subsequent generations had either less of an effect or no effect at all (Figure 3 ). This is most clearly seen in the core-shell QD exposures, particularly the measure of nematode length (Figure 3 ). The first generation in the 50 and 100 ppm exposures both had significantly reduced (p < 0.01) length, but this effect was not seen in subsequent generations. For core QD at medium concentration [Cd] = 50 mg/L, fertility significantly decreased (p < 0.01) in the first generation, but returned to normal by generation 2. Similarly, nematodes exposed to CdSO 4 at varying Cd concentrations had more notable changes in the first generation than in subsequent ones. This was true at low concentrations with respect to fertility.
Such data may reflect that over generations nematodes can acclimate to low QD exposures as much as they acclimate to trace metal contaminants in their environment. 7, 38 Acclimation of aquatic organisms to trace metal exposures has been linked to the upregulation of metallothionein-like proteins that bind to trace metals and lower their bioavailability. 6, 35, 38 This phenomenon has been seen in other multi-generational toxicity studies of chemical agents such as endocrine disrupters and pharmaceutical waste. 6, 9, 11 Further studies to test whether and how the organisms are acclimating to the presence of core QDs are ongoing with a particular focus on the hypothesis that this acclimation is linked to regulation of metallothionein-like proteins.
To conclude, the biological effects of QDs of different surface coating and their precursor salts were extensively evaluated in this first multigenerational study of C. elegans. From this study, we conclude that QDs do not fully dissolve in nematodes as their biological effects are far less severe than cadmium salts; they are in effect much less toxic than free cadmium, a fact we attribute to the low solubility of cadmium selenide and the even lower solubility of cadmium selenide surrounded by zinc sulfide. 20, 36 We note, however, that any biological or environmental process that results in the full dissolution of these QDs could have significant and exaggerated consequences for this organism due to the intrinsic toxicity of their constituent cadmium. The multi-generational data suggests that nematodes may have the capacity to adapt or acclimate to the presence of low levels of trace metals. It illustrates the importance of considering effects over multiple generations and provides one effective animal model well suited for evaluating different types of engineered nanomaterials.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Multigenerational chronic exposure effects in multiple endpoints: lifespan, fertility, growth, and locomotion (amplitude, wavelength, velocity) for four generations at low (10 mg/L) medium (50 mg/L), and high (100 mg/L) concentrations of equivalent cadmium for each sample tested: core-shell QDs, core QDs, and CdSO 4 . An A represents multi-generational data in which the effect in subsequent generations is different than the first generation. An X indicates continual adverse effects over multiple generations. Each horizontal bar represents the mean differences against the untreated control (ANOVA and post-hoc Tukey test with 99% confidence interval). If the interval excludes 0, then the difference is considered significant (red marker) for that pair-wise comparison (n=12).
